Abstract A comprehensive overview is presented about optical fiber-based tunable photonic delay lines, which have been steadily developed over the last decade for the realization of all-optically controlled timing functions. The most widely used techniques, such as those based on slow & fast light and wavelength conversion associated to dispersion, are described and their physical limitations are discussed in terms of the maximal achievable delay, the associated signal distortion and signal bandwidth. Besides, an entirely different approach for all-optical signal delaying is introduced. This technique is based on movable grating reflectors dynamically generated in highly birefringent optical fibers. This type of delay line has experimentally demonstrated large tunable delaying with a moderate signal distortion for high capacity optical data streams and even for wideband analog signals.
Introduction
The dynamic temporal control of optical signal delaying has been a recent scientific challenge of stimulating interest in the photonic community, since it is expected to be a key requirement for the realization of high capacity networks and their associated modern technologies such as all-optical signal processing and optical buffering in modern optical communication systems [1, 2] . In addition, such optical tunable delay lines also play a very important role in the domain of microwave photonics, specifically for the generation of arbitrary microwave waveforms, the development of dynamically reconfigurable microwave photonic filters and optical beam forming to feed phase arrayed antennas in radar systems [3, 4] . They even turn out to be implemented for medical applications, more specifically in optical coherence tomography [5] . During the last decade, many successful experiments on optical signal delaying have been reported and have clearly demonstrated continuous temporal delaying from femtoseconds to several microseconds, using quantum effects in atomic systems [6] [7] [8] [9] [10] [11] [12] , semiconductor materials [13] [14] [15] [16] [17] [18] [19] , waveguide properties in specific structures [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and nonlinear optical interactions in optical fibers . However, it is interesting to point out that the vast majority of currently available photonic delaying systems can be broadly categorized in two major classes of technique: slow & fast light and dispersive delay line consisting of the combination of wavelength conversion and group velocity dispersion.
To date, the slow light technique has proved to be a highly flexible timing tool that can provide continuously tunable temporal delays for broadband optical signals. However, it has been also clearly identified that slow light systems -that all acquires a strong dispersion -suffer from a practical limitation in terms of optical delaying capacity. The maximum achievable time delay is strictly bounded by the bandwidth of the system and the delay-bandwidth product is practically of the order of unity. Concretely light pulses cannot experience delays by slow light exceeding a few pulse widths, as a result of the signal distortion associated to the spectral clipping and the higher order dispersion inherent to such systems [17, 51, 52] . This leads to the following conclusion, now widely accepted by the community, that slow light can be considered as an insufficient delaying method for digital optical buffering for future all-optical routers requiring at least 1000-bit delays, even though it was the primary motivation to develop slow light systems. However, optical buffering is just one aspect of slow light and other applications have been recently identified. Slow light can be implemented as a robust solution for retiming multiple channels in digital communication, since it requires only a 1-bit error-free delay. For instance, in a wavelengthdivision multiplexing transmission, a light signal in a given channel can be independently delayed, so that this channel can be precisely re-synchronized to the other with a single bit delaying [53] [54] [55] . Moreover, when analogue signals are involved in communication systems, slow light can offer the possibility to produce tunable delays over more than one signal period -or equivalently to generate a 2π phase shift on the carrier -for an efficient processing of microwave signals for instance [56] [57] [58] .
As an efficient solution for all-optically buffering multibit sequences in high speed networks, dispersive delay lines seem to be particularly promising, since this technique has already shown its potential capability to produce more than 1000-bits delays for 10 Gbit/s transmissions, with clear pos- 725 sibilities for even faster data rates [30, 33] . However, it must be mentioned that this technique also suffers from an inevitable signal distortion, observed as pulse broadening, since a large group velocity dispersion (GVD) is essential to generate such long time delays. This results in a trade-off similar to slow light between system bandwidth and delaying power. However, the GVD-induced frequency chirp, which is the basic mechanism giving rise to temporal broadening, can be compensated by simply imposing an extrinsic frequency chirp across the pulse with opposite sign. It has been even experimentally demonstrated that signal pulses could experience ultra large delays with nearly zero-broadening effect while the GVD-induced frequency chirp was entirely compensated using optical phase conjugation [30, 33] . Nevertheless, the generation of large amount of delays preserving a high fidelity of the optical information remains a scientific challenge yet.
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In this paper, we shall briefly review the state-of-the-art of these two techniques and address their working principle. Then we shall present some recent experimental results on optical signal delaying based on a novel architecture recently developed by our group. This entirely different class of all-optical delay line, compared to the two above mentioned techniques, makes use of dynamic Brillouin grating reflectors in polarization maintaining optical fibers. We have experimentally demonstrated extensive temporal delaying for broadband optical signals, inflating the delay-bandwidth product by several orders of magnitude.
Slow & fast light in optical fibers
Slow and fast light refers to a technique modifying in a given optical medium the group velocity ν g at which a light signal is travelling to make it substantially different from the normal group velocity in this medium. In principle, when a pulsed signal propagates through a dispersive medium, the motion of the pulse envelope is governed by the group velocity since signal pulses can be decomposed into a set of monochromatic waves spanning over a frequency interval, so each propagating at a different velocity. The group velocity ν g depends directly on the dispersion in the material and can be expressed as ν g = c/n g , where
with n the refractive index in the medium, classically determined by the ratio between the light velocities in vacuum and in the given optical medium. So, the pulse can propagate through the dispersive medium with a reduced or increased velocity when compared to the phase velocity c/n, depending on the dispersion characteristics of the material dn/dω. In general, a steep linear variation of refractive index n with respect to optical frequency ω is observed within spectral regions where sharp spectral resonances are present. The induced dispersion can then be calculated using Kramers-Kronig relations, as shown in Fig. 1 . An anomalous dispersion (dn/dω < 0), Figure 1 Sharp spectral changes in the optical transmission (top) within spectral resonances (either absorption or gain bands) leads to refractive index variations with respect to optical frequency (middle), which can be calculated using Kramers-Kronig relations. The dispersion appearing in the resonance leads to a change in group velocity (bottom), namely the generation of slow and fast light.
as created in the center of an absorption line, leads to a decrease in group index and thus a higher speed of the pulse envelope, hence resulting in a temporal advancement for a signal pulse or fast light. On the contrary, a gain line will induce a normal dispersion (dn/dω > 0) in the material, resulting in an increase in group index making the light pulse slow down, hence generating a pulse delay or slow light.
As a result, the control of the signal velocity requires finding the specific physical processes that can induce optical resonances with the proper spectral properties in the material. Over the last decade, a flurry of solutions for tailoring dispersive properties in optical media has been actively developed in diverse materials, and astonishing controls of group velocity were experimentally demonstrated using a vast choice of physical mechanisms. Early experiments on slow light propagation were first conducted using atomic resonances in atomic gases, then later in crystalline solids, resulting in a remarkable reduction of the group velocity [6] [7] [8] [9] [10] [11] [12] . However, these approaches were still seen like far from acceptable for real applications since they show no flexibility in the operating wavelength and the ultra-narrow bandwidth of the spectral hole has restricted the signal bandwidth to the kHz range. A significant step towards real application was then accomplished when slow and fast light has been achieved in optical fibers, using optical interactions generated by nonlinear optical phenomena. In most nonlinear processes, energy transfer occurs from one optical wave to another wave, mediated by an idler wave once a required phase matching condition is satisfied. If a signal pulse benefits from the energy transfer in the process to experience a linear gain, the associated nonlinear phase shift will induce a normal dispersion that leads to slow light and the propagation speed of the signal will be reduced through the medium. On the other hand, an optical wave that undergoes a linear loss from the process will see its sigwww.lpr-journal.org
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To engineer dispersion characteristics in optical fibers, various physical phenomena have been utilized over the last few years, such as stimulated Brillouin [42, 44] and stimulated Raman [46] scatterings, narrow-band optical parametric amplification [40] and coherent population oscillation [41, 59] . However, it turns out that stimulated Brillouin scattering in fibers is the most efficient nonlinear mechanism for the generation of slow light due to its high intrinsic gain and its large flexibility for spectral tailoring at any operating wavelength. To date, Brillouin slow light has already shown the possibilities to manipulate the group velocity of a light signal from as slow as v g = 71000 km/s to superluminal propagation, even reaching negative velocities [43] . In the following sub-sections, we will make an overall review on Brillouin slow light in fibers, with a special focus on actual limitations for real applications and on proposed solutions to overcome these issues. A more complete review showing the most fascinating experimental results on signal pulse delaying in Brillouin slow light can be found in [48] .
Principle and limitations of Brillouin slow light
Stimulated Brillouin scattering in optical fibers is described as a nonlinear interaction between two counter-propagating optical waves (a strong pump at ν pump and a weak probe at ν probe ) in which their mutual coupling during propagation in fibers is mediated by an acoustic wave. When a specific phase matching condition is realized, that is, the spectral separation between the two interacting waves (Δν = ν pump − ν probe ) is identical to the acoustic wave frequency ν B (ν B called the Brillouin frequency shift), the beating signal resulting from the interference between the two optical waves reinforces the acoustic wave through the effect of electrostriction. Incidentally, the material density is periodically modulated along the fiber by the acoustic pressure wave through the elasto-optic effect, leading to a periodic travelling modulation of the refractive index [60, 61] . As a result, the acoustic wave generated in the fiber acts as a moving grating reflector, showing the exact pitch to backscatter the interacting waves. The net effect of the waves scattering results in transferring the energy from the higher frequency wave (the pump) to the lower frequency wave (the probe), the scattered light undergoing a Doppler shift due to the grating motion. So, the probe wave experiences an exponential growth, referred to as SBS amplification, as shown in Fig. 2 . On the contrary, the pump wave experiences an exponential attenuation since a part of its optical energy is transferred to the probe wave. Therefore, SBS can also be assimilated to a loss process as far as the pump is concerned. Fig. 3 depicts the schematic principle to generate slow and fast light using stimulated Brillouin scattering (SBS) in optical fibers. A basic Brillouin slow light system consists of a very simple configuration, in which a continuous-wave (CW) pump is launched into one end of a single mode optical fiber (Brillouin shift ν B ), while a signal is simultaneously introduced into the other end of the fiber. When the pump propagates through the fiber, acoustic phonons are created by electrostriction via the interference with the signal and diffract photons from the pump light to the signal wave, thus producing a gain resonance for the signal at frequency −ν B below the pump frequency. The spectral width of the Brillouin resonance is typically as narrow as 30 MHz due to the slow decay of the acoustic wave. Similarly, besides the gain resonance, the pump creates a SBS loss resonance with an identical bandwidth at frequency +ν B above the pump frequency. Therefore, when the signal is spectrally placed at the center of the gain or loss resonance (resulting from the particular phase matching conditions of the SBS process) the group velocity of the signal can be efficiently reduced or increased, respectively. However, the inherently narrow spectral width of Brillouin resonances raises a major critical limitation in Brillouin slow light system, since it practically limits the signal data rate to some 50 Mbit/s. So, a solution is required to match the real multi-Gbit/s data rates in communication systems.
In absence of gain saturation or pump depletion in the SBS process, the time delay via Brillouin slow light can be expressed by the simple relation [48, 62] : Finally, the effect of the interaction on the signal can be described as a linear time-invariant system and therefore represented by a linear spectral transfer function [63] . A Brillouin slow light system corresponds to a linear low-pass system and, as a result of the bandwidth clipping, the signal may undergo a strong distortion observed as a temporal broadening of a pulse signal. This lead to another limitation in the system in terms of the maximum achievable time delay supporting an acceptable signal distortion, since the intersymbol interference due to pulse broadening will degrade the signal fidelity. In practice the delay-bandwidth product of linear slow light systems is close to unity, so that a pulse cannot be delayed significantly more than its temporal width.
Broadband Brillouin slow light
As a consequence of the linear dependence of the Brillouin gain on pump power, when a polychromatic wave is used as a pump in the SBS process, each monochromatic wave composing the pump spectrum will generate its own Brillouin gain resonance at its specific central frequency, given by the frequency matching condition for stimulated Brillouin scattering [64, 65] . Then the effective Brillouin gain spectrum is a combination of each gain spectrum generated by each spectral component of the polychromatic pump wave. As a result, the spectral profile of the effective Brillouin resonance can be drastically engineered and shaped by simply modifying the pump power spectrum. This way the bandwidth of Brillouin slow light can be made arbitrarily large by actively broadening the pump power spectrum. The power spectrum of the effective SBS gain g e f f (ν) is expressed by the convolution of the pump power spectrum and the intrinsic Brillouin gain spectrum g B (ν) [37, 66] :
where ⊗ denotes the convolution product and P(ν) is the normalized pump spectral density (integration over spectrum is unity). For a Lorentzian shape of the pump spectrum, the effective gain curve remains Lorentzian and its width is given by the sum of the two spectral widths Δν B + Δν P , Δν B being the spectral width of the natural Brillouin gain and Δν P being that of the pump power. When a broadband noise is directly superposed to the injection current of a pumping semiconductor laser , the power spectrum of the pump can be significantly broadened and its spectral width can be much larger than that of the natural Brillouin resonance (Δν P Δν B ). This way, the spectral shape of the effective Brillouin gain turns out to be essentially identical to the pump power spectrum, the contribution from the natural linewidth being considered as approximately monochromatic in the convolution of Equ.3. Actually, the enlargement of the effective SBS bandwidth has removed a major deadlock for the implementation of Brillouin slow light in real applications, making Brillouin slow light a suitable delaying system for multi-Gbits/s transmissions. However, it must be pointed out that this bandwidth extension requires a quadratic increase of the pump power to maintain an equivalent delay. This results from the combination of two causes: first, the peak value of the effective Brillouin gain decreases proportionally to the relative spectral broadening, at constant total power. Secondly, as shown in Eq. (2), the amount of time delay is inversely proportional to the spectral width of the Brillouin resonance. The 2 effects contribute in the same proportion to result in a quadratic dependence. If the same normalized delay must be maintained (i. e. the delaying in terms of pulse width units is constant), the pump power must be increased proportionally to the bandwidth.
Broadband Brillouin slow light, as depicted in Fig. 4a , was for the first time experimentally demonstrated by Gonzalez-Herráez et al. using a randomly modulated pump source [37] . By directly modulating the current of a pump laser diode, the FWHM bandwidth of the Brillouin resonance could be effectively enlarged up to 325 MHz, therefore allowing a 2.7 ns signal pulse to be continuously delayed up to 3 ns. Then a thorough study on this principle was theoretically and experimentally carried out by Zhu et al. [67] , showing that the maximum achievable bandwidth is essentially limited by the spectral overlapping due to the associated SBS loss resonance, as shown in Fig. 4b . The simultaneous broadening of the Brillouin loss resonance actually limits the spread of the Brillouin gain, so that the maximal bandwidth cannot exceed the Brillouin frequency ν B , which is typically 11 GHz. However, Song et al. proposed a solution to further extend the bandwidth of Brillouin slow light by introducing another pump positioned at frequency +2ν B above the first pump frequency [68] . As in any SBS process, these two pumps generate distinct Brillouin gain and loss spectra at ±ν B with respect to their pump frequency. The particular special positioning of the 2 pumps makes the loss spectrum from Pump 1 and the gain spectrum from Pump 2 identical in terms of bandwidth, peak amplitude and central frequency, so that they perfectly overlap and mutually neutralize for a perfect compensation, as shown in Fig. 4c . This clears the spectral region formerly occupied by the loss resonance from any gain or loss and makes possible a further doubling of the pump broadening. This way the Brillouin bandwidth could be enlarged up to www.lpr-journal.org
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25 GHz and a 37 ps pulse was successfully continuously delayed up to a 30 % fractional delay [68] .
This direct modulation technique, while removing the bandwidth deadlock in a transmission channel, is still seeking for a solution for the implementation in wavelength division multiplexed optical systems. Delays can be controlled independently and simultaneously for all operating channels using Brillouin slow light, but the number of broadband coherent pump sources and associated electrical components required for an independent control of each channel turns out to be a real issue. To overcome it, an alternative approach to synthesize broadband Brillouin slow light was proposed using incoherent light sources to generate multiple Brillouin pump waves, i. e. sources based on amplified spontaneous emission (ASE) [55] . A broadband ASE light is sent into a Fabry-Perot filter and the periodic lines present in the spectral transmission of the filter are used as multiple Brillouin pumps. In this configuration, the operation frequency and the spectral width of the pumps can be tunable, by simply varying the transmission characteristics of the filter.
Transparent Brillouin slow light
The exponential growth of the signal power accompanying the temporal delaying effect is inherent to any Brillouin slow light system, as expressed in Eq. (2), since large dispersion and gain are intimately associated in a spectral resonance. Chin et al. could, however, find a solution to experimentally demonstrate tunable time delays through Brillouin slow light with minor amplitude change. Figure 5 shows the schematic diagram to realize zero-gain Brillouin slow light propagation. Pump 1 at frequency +ν B above the signal frequency generates a Brillouin gain resonance at the central frequency of the signal pulse with a linear gain G 1 and a bandwidth Δν 1 . Pump 2 at frequency -ν B below the signal frequency creates a loss of equal strength -G 1 at the same frequency. However, the spectrum of Pump 2 was broadened, so that the bandwidth of the loss spectrum Δν 2 is substantially larger than Δν 1 (Δν 2 Δν 1 ). In such a situation, a spectral hole is created in the middle of the loss spectrum to open a transparency window at the signal frequency as a result of the complete compensation of gain and loss. This situation is thus fairly similar to the case of slow light systems in solids and gases where the signal is spectrally positioned in the narrow transparency gap between 2 absorptive resonances. On the other hand, resonance-induced dispersions by gain and loss are fairly different and do not compensate, since the resonance bandwidths are differently set (see Equ.2). This way, continuous signal delays up to 12 ns were obtained for a 50 ns pulse with less than 1 dB variation in the signal power over the whole delay range. Using this gain compensation technique, signal advancement or fast light propagation can be also obtained by simply swapping the spectral positions of the two pumps. So, a large bandwidth Brillouin gain resonance is created at the signal frequency, and a narrow bandwidth loss resonance makes a spectral hole burning in the center of the gain resonance. However, it must be mentioned that the extra noise generated by the amplification process is not cancelled by the loss interaction and remains present in the delayed signal.
Brillouin slow light with pulse broadening compensation
In absence of gain saturation or pump depletion, a Brillouin slow light system can be identified to a linear time-invariant REVIEW ARTICLE 729 system and its transfer function T (ω) can be expressed as [62, 69] :
Since the transfer function of the Brillouin resonance shows a complex response, the amplitude and the phase of the signal are transformed by the real and the imaginary parts in the exponent of T (ω), respectively. Actually, the frequency dependence of the amplitude term acts as a low-pass spectral filtering that attenuates the high frequency signal components and distorts its shape. Therefore, a temporal broadening of the pulse signal is usually observed when the signal emerges from the Brillouin delay line, which is broader for larger delays. This is referred as gain broadening, B G . On the other hand, due to the large induced dispersion associated to the imaginary part in the exponent of T (ω), the higher order dispersion terms (the first order term is kept since it is directly responsible of the signal delaying) induces an additional phase distortion, referred as dispersion broadening, B D . Therefore, the total pulse broadening, B total is found by calculating the geometrical sum of the two broadening factors:
D , since they are by essence associated to the real and imaginary parts of the transfer function. It is interesting to mention that the amplitude response G(ω) is spectrally symmetric and thus contains only even terms in its polynomial expansion, while the phase response is anti-symmetric and contains only odd terms. These two broadening effects can in no way mutually cancel to compensate the signal distortion, since they are distinctly related to purely real and imaginary quantities. Moreover, since there is no quadratic dependence in the phase response, an introduction of ordinary fiber chromatic dispersion in a Brillouin slow light system can in no way bring any compensation and just add further distortion. As a result, larger signal delay is always accompanied by more pulse broadening in any type of linear slow light systems.
Several linear slow light systems were designed to overcome this delay-distortion issue, mostly based on a particular shaping of the spectral resonance. These systems could partially reduce the induced signal distortion while preserving the fractional delay [70] [71] [72] [73] [74] [75] , but this approach could not fully eliminate the distortion that eventually limits the maximum delay to one pulse width or so. Since this distorted response is intimately related to the delaying process as described by the theory of linear systems, the need to introduce nonlinear elements is unavoidable to realize distortion-less signal delaying in slow light systems [51, 63, 76, 77] . In an experiment reported by Wiatrek et al. a distinct saturated Brillouin amplifier was used as a nonlinear system, which could mitigate the broadening effect [78] and result in signal delays up to 1 bit with a minor distortion. However, the time delay per unit gain is reduced by the saturated amplifier since the amplifier provides gain with no real delaying effect.
Chin et al. also proposed a nonlinear configuration to achieve an efficient compensation of signal distortion, by combining a Brillouin amplifier with a fast saturable absorber made of a fiber nonlinear optical loop mirror (NOLM), as shown in Fig. 6 [31] . This configuration comprises two basic building blocks: a Brillouin slow light element and a NOLM as a nonlinear regeneration element. As in a typical Brillouin slow light system, a signal pulse experiences temporal delays and the associated temporal broadening, before entering into the NOLM. In the time domain, the NOLM can be considered as a pulse compressor since it sharpens the shape of the input pulse due to the intensity dependence of the transmission through the NOLM. Therefore, in frequency domain, the signal bandwidth can be fully recovered since the frequencies that have been attenuated by the slow light element can be regenerated as a consequence of the pulse temporal compression. The transmission through the NOLM shows a cubic dependence on the input intensity, so that the compression factor can be expected to be 3 −1/2 for signal pulses with a Gaussian intensity profile. This way a signal pulse with duration of 27 ns was continuously delayed up to 36 ns, equivalent to a fractional delay of 1.3 without any broadening. Besides, using this type of slow light system, the fidelity of the delayed signal was greatly enhanced in terms of signal-to-noise ratio. The contrast between signal "on" and "off" states is substantially improved by the gating effect of the NOLM intensity transmission.
Dispersive delay line in optical fibers
Another approach for the development of all-optically controlled delay line has been proposed using the combination of wavelength conversion and group velocity dispersion. This delaying technique is in essence entirely different from slow light-based schemes, since this method exploits the natural dispersion of the material and does not require a (online color at: www.lprjournal.org) Principle to delay a signal pulse without broadening in a Brillouin slow light system. In this configuration, a nonlinear optical loop mirror (NOLM) acts as a pulse compressor, so that the pulse broadening accompanying the time delaying is completely compensated while fully preserving the temporal delaying power of the Brillouin slow light system. PC; polarization controller, α; attenuation factor.
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The system consists in a wavelength conversion followed by the propagation in a highly dispersive optical medium. WC; wavelength convertor.
narrow spectral resonance to modify the dispersive response like in slow light systems.
The propagation velocity of a signal pulse while traveling through a dispersive medium turns out to be wavelengthdependent as a result of the chromatic dispersion or group velocity dispersion (GVD) in the material. So, the transit time of the signal through the medium can be made tunable by simply varying the signal wavelength; this is the simple principle that is used for tunable signal delaying in dispersive delay lines. Figure 7 depicts this principle. In a first stage, the wavelength of a signal pulse is converted into another target wavelength using wavelength conversion. Then the wavelength-converted pulse propagates through an optical medium showing a large overall dispersion, such as long segments of optical fiber [30, 32, 33, 45, 50, 79] or a highly chirped fiber Bragg grating [49] . Due to the intrinsic chromatic dispersion of the medium, the incident pulse emerges from the dispersive element with a relative time delay when compared to the transit time as it would be at the original wavelength of the pulse. For a given GVD, the obtained time delay ΔT d as a function of the signal wavelength change Δλ can be roughly estimated using a first order approximation, valid for small wavelength change, as:
where D is the GVD coefficient of the dispersive element expressed in units of ps/(km×nm), L being the length of this element. In a third stage, the delayed wavelength-converted pulse is delivered into a second wavelength convertor, so that the original wavelength of the temporally delayed pulse is restored.
Sharping et al. experimentally demonstrated this concept of dispersive delay line and could generate continuously tunable time delays up to 800 ps for a 10 ps signal pulse [45] . This was already more than one order of magnitude better than the best delaying system based on slow light. In most dispersive delay lines, the wavelength conversion of the signal pulses is realized using optical nonlinear processes such as four wave mixing or massive spectral broadening through self-phase modulation in optical fibers or Si-waveguides.
However, this type of wavelength convertors requires a strong pump power to obtain high conversion efficiency, and the associated excess noise or the spectral broadening resulting from the conversion processes degrades the fidelity to the original signal. Another type of wavelength convertor has been soon proposed, based on periodically poled lithium-niobate waveguide (PPLN) [80] . The PPLN wavelength convertor improves the performance of signal delaying in terms of a reduced additive noise, a faster reconfiguration time and a larger maximum achievable delay since the wavelength tuning range is inherently more extended. Following the same motivation for a more efficient conversion, in a recent work [32] cross gain modulation in a semiconductor optical amplifier has been implemented to efficiently realize the wavelength conversion using a low pump power level and over a broad wavelength range.
Eq. (5) indicates that the GVD is the key quantity fixing the amount of time delay. On the other hand, it leads to signal distortion expressed by pulse broadening since the frequency components forming the signal pulse must temporally disperse. It means that the dispersive delay line is also subject to a trade-off relation between maximum achievable time delay and signal distortion. A larger time delay through dispersive delay line can be achieved by simply increasing the amount of wavelength change. However, in practice, the bandwidth of wavelength conversion is limited to a few tens of nanometers by the different techniques that are currently available. Alternatively, a medium showing a larger value of GVD can be utilized to enhance the achievable time delay. However, in this case, a non-negligible temporal broadening of the signal pulse can accompany the temporal delaying, limiting by essence the system bandwidth. Figure 8 shows the anticipated pulse broadening and the required wavelength shift as a function of GVD, in order to achieve a 1000-bits delay for a 100 ps transform limited Gaussian pulse, representative of a 10 Gbit/s transmission. Actually, the delaying system can be properly designed using the information in this graph. It is clearly seen that a GVD larger than 1000 ps/nm is necessarily needed to delay Figure 8 (online color at: www.lpr-journal.org) Associated pulse broadening and the required wavelength change to achieve 1000-bits delay for 100 ps transform-limited Gaussian pulse as a function of group velocity dispersion (GVD).
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731 a signal pulse up to 1000 bits with wavelength shift smaller than 100 nm. For example the GVD of 3600 ps/nm used in [33] requires a wavelength change of 28 nm, which seems to be a realistic value. However a pulse broadening by a factor of 1.6 will be associated to this delaying.
The pulse broadening could, however, be partially compensated by using a chirped fiber Bragg grating, which has a strong dispersion with opposite sign with respect to the dispersive fiber used as a delay line [80] . However, Y. Okawachi et al. could experimentally demonstrate an excellent solution to minimize the inevitable pulse distortion in dispersive delay line, using temporal phase conjugation [33] . After propagating through a highly dispersive fiber, the signal pulse experienced a relative time delay subject to temporal broadening. Then the optical phase of the pulse was temporally conjugated using four-wave mixing and re-circulated into the same dispersive fiber. As a result, the time delay was doubled and the induced pulse broadening could be fully compensated when exiting from the fiber, since the slope of the dispersion-induced chirp is reversed by phase conjuguation. Using this configuration, a fractional delay of 2430 was achieved for a 10 Gbit/s NRZ signal while preserving a high signal fidelity. Recently, the maximum delay was amazingly extended to 7.34 μs by simply cascading multiple discrete delay lines [30] .
Movable grating-based optical delay line
In this section, an entirely different approach for realizing all-optically controlled delay lines will be addressed. The time-of-flight is here simply changed by reflecting the signal on a movable reflector, just like in a classical optomechanical delay line. The delay is therefore given by the round-trip time along the optical path that can be modified by the physical displacement of the reflector. The technique here described offers the possibility to dynamically generate reflectors at any position along an optical fiber through the intercession of a purely optical interaction. The dynamic generation of reflectors is based on the process of ordinary stimulated Brillouin scattering through which optically-generated acousto-optic gratings can be localized at any desired position along an optical fiber. If this fiber is highly birefringent, it turns out that a signal propagating along the orthogonal birefringence axis will be reflected at a wavelength clearly separated from the signals writing the grating. The functions of reflector generation and signal reflection can therefore be realized with totally distinct optical signals.
Generation of dynamic Brillouin gratings
The classic SBS interaction of two intense waves, here called "pumps" for the sake of simplicity, (Pump 1 at ν P1 and Pump 2 at ν P2 , and ν B = ν P1 − ν P2 ) is used to create the acoustic grating while these two pumps propagate along one polarization eigenaxis of the fiber. In this case, the longitudinal nature of the acoustic wave enables an indistinct and equal reflection of light for all states of polarization. Actually, a light signal polarized along the orthogonal polarization axis with respect to the pumps will be equally reflected, but at a distinct optical frequency ν S since the birefringence modifies the optical frequency satisfying the Bragg condition [81] . It turns out that the functionality of this grating is analogous to a weak Bragg grating written in an optical fiber, so that the spectral bandwidth and the reflectance of the grating can be dynamically controlled by simply changing the amplitude and the time dependence of the two pump waves [82] . For this reason, such a Bragg reflector is denominated dynamic Brillouin grating (DBG). DBGs have been already implemented as a promising solution for the development of optical fiber sensors [83] [84] [85] and optical signal processing [34, [86] [87] [88] . The key advantage of DBG is that the creation of the Brillouin grating and its interrogation can be realized using two uncorrelated processes, based on distinct optical waves. Figure 9 depicts the configuration in optical frequencies and states of polarization for the two pumps and the signal waves to generate a dynamic grating in a polarizationmaintaining fiber. Due to the birefringence of such a fiber the Bragg condition can be met at two different optical frequencies for the orthogonal polarization eigenmodes, since the polarization-dependent refractive index leads to a different optical pitch of the grating for the 2 polarizations, the physical pitch being isotropically fixed by the acoustic wavelength. Therefore, the central frequency of the dynamic grating can be simply calculated by the expression [81] : Figure 9 (online color at: www.lpr-journal.org) Graphical illustration of the principle for the generation of dynamic Brillouin grating reflectors in a polarization maintaining fiber, using the ordinary SBS process in a birefringent optical medium, where www.lpr-journal.org
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where n x and n y are the refractive indexes in the slow and fast axes of the fiber (Δn = n x − n y ), respectively, Δn g represents the group birefringence, by analogy calculated from Δn using Eq. (1) and not so different from Δn in standard fibers, and V a is the sound velocity. It can be clearly seen in Eq. (7) that, when the pumps propagate along the slow axis, the signal satisfies the Bragg condition at a frequency shifted above the pump frequency due to the simple fact that n x > n y . On the other hand, it can be straightforwardly deduced that when the polarization states of the pumps and signal are swapped, so that the grating is generated by two y-polarized pumps (fast axis), the signal frequency has to be down-shifted below the pump frequency, keeping the same spectral distance between Pump 1 and the signal.
Principle of signal delaying for isolated pulses
Before discussing the delaying principle itself, it is crucial to notice that the acoustic grating is present only where the SBS interaction takes place, hence where the two pump waves are simultaneously present and spatially overlap. It means that when the Brillouin pumps are shaped as optical pulses, the dynamic grating will be generated only at the particular position in the fiber where the two pulses are crossing. Practically, as shown in Fig. 10 , two optical pump pulses (Pump 1 and Pump 2) launched into a polarizationmaintaining fiber, each from a distinct end of the fiber, generate an acoustic grating at the position where the two pulses physically overlap. So, by properly delaying the Pump 1 pulse, the grating can be flexibly placed at any preset position over the entire fiber length. As a consequence, a signal pulse that enters into the fiber shortly after Pump 2 will be reflected by the grating before it decays. Basically, the tunability of the temporal delay is directly given by the timeof-flight change resulting from the grating repositioning, Figure 10 (online color at: www.lpr-journal.org) Principle to generate relative time delays through reflection of signal pulses in a polarization-maintaining fiber, realized by the optical generation of a Brillouin grating and dynamically moving the grating position. This results for the signal pulses in a varying round-trip time through the fiber.
as shown in Fig. 10 . This is physically equivalent to a bulk delay line made of a moveable mirror placed on a linear sliding scale, on which the light beam is reflected. In this case the delay change is twice larger than the equivalent reflector displacement. Therefore, it can be deduced by simple analogy that the maximal achievable time delay is determined by the length of the birefringent fiber and is equal to twice the transit time through the fiber.
Experimental demonstration and discussion
For the demonstration a 120 m-long Panda-type polarization maintaining fiber was used as Brillouin gain. The birefringence Δn of the fiber was experimentally measured to be Δn ≈ 5×10 -4 , simply by measuring the differential Brillouin frequency shift between slow and fast axes. This way, Eq.(6) predicts that the DBG will be spectrally placed for the signal at about 46 GHz above the Pump 1 frequency. From the same single-frequency laser diode Pump 1 and Pump 2 were shaped in the time domain as identical pulse trains of 600 ps duration at a repetition rate of 2 MHz, with the exact frequency difference which maximizes the Brillouin interaction. The timing between the pulses can be independently changed with an electronic delay generator and the pulses power was boosted to several Watts to generate during the short overlapping time a grating intense enough to observe a few percent reflection [89] .
A distinct single-frequency laser was used to generate the signal pulse that was shaped as an identical pulse train of ∼ 600 ps duration and 2 MHz repetition rate. The polarization state of the signal pulse was orthogonally aligned with respect to the two pumps. The central frequency of the signal pulse was precisely controlled by the current and temperature applied to the laser diode, for a perfect centering of the signal frequency on the middle of the grating resonance. Actually, the signal was spectrally placed at around 43 GHz above the Pump 1 frequency for a maximum reflection, in excellent agreement with the prediction. The time interval between the signal and Pump 2 was set at 500 ps to minimize the decay of the grating amplitude that shows a typical time constant of 11 ns. This way, the efficiency of the Bragg reflection on the signal pulse is nearly ideal. Figure 11 shows the measured intensity profiles and the time arrangement of the two pump and signal pulses used in this experiment.
To validate the feasibility of the realization of tunable time delays for the signal pulse, Pump 1 was independently delayed with respect to Pump 2 and signal, so that eventually Pump 1 enters the polarization-maintaining fiber with a different relative time. Then the temporal waveforms of the reflected signal were measured while continuously moving the grating position along the fiber by 100 ps steps. In this type of dynamic reflectors, it can be assumed that the signal pulse linearly propagates through a weak fiber Bragg grating, and the perturbation due to the grating generates a reflected backward-propagating pulse. So the temporal shape of the reflected pulse is essentially determined by the convolution between the intensity profile of the original signal pulse and the temporal profile of the grating amplitude [90] . It means that the waveform of the reflected signal is influenced by the grating properties -essentially its physical length -and experiences some distortion. It can be reasonably assumed that the characteristics of the dynamic grating are unmodified for any positionning, since attenuation and dispersion are negligible over such short distances, so that the optical power and the temporal profile of Pump 1 and Pump 2 pulses are not position-dependent. For this reason, the response of the grating reflection is constant with respect to the grating position, and this was widely confirmed in practical implementations. Since all interacting pulses have the same duration, the convolution makes the reflected pulse temporally broadened by a factor of 1.43, when compared to the original pulse, as shown in Fig. 13 . This pulse broadening can be visualized as the summation of the continuous reflection of the input signal pulse along the entire grating length. As a result of the gradual overlapping of the pump pulses, the temporal distribution of the grating is not uniform, but follows the time convolution between Pump 1 and Pump 2. It turns out that the length of the generated grating is comparable to the signal pulse spatial coverage and a reflected pulse broadened by a factor √ 2 is expected in this situation. This signal distortion can be minimized by simply shorten the pump pulses, but this will be done at the expense of the overall grating reflectance and a proper compensation of the pumps optical power is normally required to maintain the same level of reflectance [60, 61] .
From a practical point of view, it was observed that the non-uniformity of the fiber birefringence can degrade the performance of this type of optical delay line. If the distribution of birefringence is inhomogeneous along the fiber, its fluctuation will lead to a spectral shift of the peak reflection resonance, as a direct consequence of the relation between birefringence and grating central frequency given by Eq.(6). Consequently, the frequency of the signal pulse may be locally detuned from the grating frequency and the efficiency of pulse reflection can therefore be significantly reduced, giving rise to a position-dependent reflected amplitude and a modified spectral distribution [91] . So this technique definitely requires the choice of a fiber with good birefringence uniformity for a proper operation.
To further demonstrate the feasibility and physical limitations of this technique, the grating was continuously shifted by 10 ns steps over the entire fiber length. In Fig. 14 shown in Fig. 15 . It obviously confirms that the time delay of the back-reflected signal shows a linear dependence on the grating position with a conversion factor of 2, as expected for a round-trip propagation. The largest time delay obtained using this delay line was 1.15 μs, corresponding to a normalized delay of 1716-bits for this 600 ps pulse, basically limited by the available fiber length. Actually, the maximum achievable delay can be simply expanded by using a longer fiber. However, it must be mentioned that the intrinsic fiber properties such as nonlinearities, polarization crosstalk and birefringence walk-off limit the realistic dimension of the polarization maintaining fiber to length shorter than 1 km, nevertheless corresponding to a potential continuous delaying up to 10 μs.
Modified scheme for delaying continuous data streams
The delay line presented in the previous section is, however, applicable for isolated pulses only, due to the fast decaying property of acoustic phonons. In general, the generated dynamic grating decays exponentially in time, and this effect makes the grating non-permanent. It is a serious penalty for Figure 16 (online color at: www.lpr-journal.org) Time trace of the original (upper) and reflected (lower) signal pulse train by a dynamic grating generated by crossing short pulses. This illustrates the actual limitation of this delaying system in terms of the maximal data packet length resulting from the finite acoustic lifetime. Figure 17 (online color at: www.lpr-journal.org) Configuration of pump pulses to generate a quasi-permanent dynamic grating in a PM fiber, by periodically refreshing the grating using a sequence of pump pulses. R. R.; repetition rate, T. T.; transit time through the fiber.
this type of delaying system since it concretely limits the total length of the data packet carrying the information. Actually, the packet length cannot much exceed the acoustic lifetime τ B , (typically 11 ns in standard optical fibers), as illustrated in Fig. 16 . In the test shown in this figure a 500 ps pulse train at a repetition rate of 1.5 ns is reflected by a dynamic grating generated by isolated pump pulses crossing in a polarization-maintaining fiber. It is clearly observed that only a fraction of the pulse train is noticeably reflected as a consequence of the gradual vanishing of the grating amplitude, on a time scale given by the acoustic lifetime.
This lifetime τ B depends on intrinsic parameters of the material such as medium viscosity and incident frequency of the pump wave, but remains of the same order of magnitude for all glass materials with potentialities in modern photonics. However, the dynamic grating can be periodically regenerated at a desired position, by simply using a sequence of pump pulses at a repetition rate faster than the acoustic lifetime, so that it can be made quasi-permanent and be kept localized in the fiber. A configuration for the generation of quasi-permanent dynamic gratings is sketched in Fig. 17 . Actually, the repetition rate of Brillouin Pump 1 and Pump 2 600 ps pulse trains is adjusted at 6 ns, shorter REVIEW ARTICLE 735 Figure 18 Variation of the amplitude of a reflected CW probe wave on a dynamic Brillouin grating as a function of the optical frequency. This represents the spectral response of the dynamic grating resonance, showing a FWHM spectral bandwidth of 0.96 GHz that is primarily determined by the pump pulses duration. Frequency origin is arbitrarily placed at the grating center.
than the 11 ns acoustic lifetime. So, the dynamic grating is periodically refreshed at the same position before it vanishes. The length of the polarization-maintaining fiber used as delay line was also accordingly shortened to 40 cm, corresponding to a 2 ns transit time. This way, only one dynamic grating is securely present along the entire 40 cm fiber, the condition being that the transit time must be less than the half repetition rate.
A set of characterization has been carried out, starting by the measurement of the reflective spectral properties of the generated dynamic grating. To spectrally analyze the grating reflectance, the frequency of a CW signal in the vicinity of the reflection band of the dynamic grating is swept. The grating is spectrally centered 43 GHz above the Pump 2 frequency and the measured spectral dependence of the reflected light is shown in Fig. 18 . The bandwidth of the grating is measured to be 0.96 GHz at full width at half maximum, in close agreement with the 0.86 GHz theoretical expectation [82, 92] . As previously mentioned, the bandwidth that can be handled by this type of delay line is essentially determined by the spatial length of the grating and can be flexibly modified by simply adapting the duration of the pump pulses to the signal symbol duration.
To illustrate the capability to delay a temporally dense signal a 840 ps pulse train at a repetition rate of 4.4 ns is generated with its frequency precisely centered on the grating resonance. Unlike the previous pulse delay experiment, a temporal synchronization between pump and signal pulses is no longer necessarily required since the dynamic grating is refreshed at a fixed position in the fiber and continuously reflects the signal. Figure 19 shows the normalized time waveforms of the reflected pulse trains while the grating is shifted along the fiber. The pulse train is clearly delayed without significant signal distortion for different grating positions. The largest time delay induced by the proposed scheme was 3.3 ns, corresponding to a fractional delay of 4. This ratio is basically limited up to 4.7 for 840 ps since the maximum achievable time delay is physically determined by the 40 cm fiber length.
Considering that the maximum refreshing time is of the order of the 11 ns acoustic lifetime in the fiber, this also corresponds to the maximum delay range that can be realized using this refreshing technique. This actually limits the normalized delay for a 10 Gbit/s data sequence (100 ps symbol duration) to a bit more than 100. This is substantially better than what can be achieved using slow light, but not sufficient for an implementation in a digital transmission system. But promising solutions are currently investigated to generate permanent localized gratings at a fixed position, based on the correlation properties of random or chaotic pump signals to build an efficient acoustic grating at a single location over a very long fiber.
A clear unique asset of this technique is related to the fact that the transit time in the system ranges from 0 to the maximum delay, unlike the two other presented techniques that always show a nominal transit time normally substantially longer than the delay range that can be achieved. It means that the amount of delay can be reconfigured ideally rapidly, with a typical time equal to the delay range, which is the theoretical limit for all delay lines. However it must be mentioned that the delay is here first generated electrically by temporally ordering the emission time of the two optical pump pulses using an electrical delay generator. But, all in all, this is not fundamentally different to other techniques in which the amount of delaying is also originally function of an electrical signal, e. g. pump driving current in a slow light system or wavelength setting in a dispersive delay line.
Conclusion
We have analyzed three major currently available optical timing systems that can provide continuously tunable signal delaying for broadband optical signals: slow and fast light, wavelength conversion associated with a dispersive medium and dynamic grating reflectors. To date, we reach the temporary conclusion that all techniques still suffer from www.lpr-journal.org
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S. Chin and L. Thévenaz: Tunable photonic delay lines in optical fibers 1-2 bits delay for isolated pulses and real data streams > 1000 bits for isolated pulses and real data streams > 1000 bits for isolated pulses < 11 ns absolute delay for data streams
Signal bandwidth > 10 GHz The larger the signal bandwidth, the stronger the pump power > 10 GHz The larger the signal bandwidth, the stronger the GVD broadening > 10 GHz The larger the signal bandwidth, the stronger the pump power
Associated signal distortion
The larger the time delay, the stronger the pulse broadening
Broadening factor independent of delay, reduced by shorter pulses and an increased pump power Table 1 for a better comparison. If the systems based on slow and fast light have been extensively studied and no significant progress is further expected, the two other techniques are still under intensive development and can yet substantially improve their performance. But, most importantly, these fascinating modern techniques have for the first time given access to an all-optical control of the temporal dimension and will provide more potential functionalities for all-optical signal processing, in communication systems, in microwave photonics and other advanced domains. 
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